The effect of the serotonin (5-hydroxytryp tamine, 5-HT) antagonist ketanserin on the remote hemo dynamic consequences of thrombotic brain infarction was studied in rats. Treated rats received an injection of 1 mglkg ketanserin 30 min before and 1 h following photo chemically induced cortical infarction. Local CBF (LCBF) was assessed autoradiographically with [14C]iodoantipyrine 4 h following infarction, and chronic infarct size was documented at 5 days. Thrombotic in farction led to significant decreases in LCBF within non infarcted cortical regions. For example, mean LCBF was decreased to 63, 55, and 65% of control (nontreated nor mal rats) in ipsilateral frontal, lateral, and auditory corti ces, respectively. In rats treated with ketanserin, signifi-
The hemodynamic consequences of focal brain injury may be widespread and not restricted to the primary focus of injury ( Yamakami and Mcln tosh, 1989) . Mechanisms including neurogenic events and the release of vasoactive agents from ischemic tissue have been proposed to explain these remote hemodynamic alterations in the setting of focal injury, but experimental data are lacking. An understanding of these pathomechanisms is neces sary to clarify the role they may play in acute neu-cant decreases in LCBF were not documented within re mote cortical areas compared with controls. In contrast to these hemodynamic effects, morphological analysis of chronic infarct size demonstrated no differences in infarct volume between treated (27 ± 3 mm3) and nontreated (27 ± 6 mm3) rats. These data are consistent with the hypoth esis that 5-HT is involved in the widespread hemody namic consequences of experimentally induced throm botic infarction. Remote hemodynamic consequences of acute infarction can be inhibited without altering final in farct size. Key Words: Cerebral blood flow-Cerebral in farction-Ketanseri n-Platelets-Serotonin-Thrombo SIS. rological dysfunction and recovery following cere brovascular injury.
We have previously demonstrated the wide spread depression of local CBF (LCBF) in brain regions remote from a cortical infarct (Dietrich et aI. , 1986a) . At 30 min and 4 h following infarct for mation, decreased levels of LCBF occur through out the infarcted hemisphere. In the ipsilateral cor tex, the remote hemodynamic changes precede al terations in cerebral glucose metabolism (Dietrich et aI. , 1986b ). The infarct model is based on a pho tochemical insult that results in microvascular en dothelial injury, platelet aggregation, and acute blood-brain barrier (BBB) breakdown (Watson et aI., 1985; Dietrich et aI., 1987a,b) .
Serotonin (5-hydroxytryptamine,5-HT) is a po tent vasoconstrictor (Raynor et aI., 1961; Karlsberg et aI. , 1963; Grome and Harper, 1983; Auer et aI., 1985) and is released from aggregating platelets.
Since the photochemical infarct model is throm botic, the abnormal release of 5-HT from aggregat ing platelets might be involved in the widespread hemodynamic consequences. Pial and parenchymal blood vessels are innervated by serotonergic fibers originating from brainstem raphe nuclei (Reinhard et ai., 1979; Edvinsson et ai., 1983) , and 5-HT2 re ceptors are associated with 5-HT-induced constric tion of pial vessels (Thompson et ai., 1984; Auer et ai., 1985) . The purpose of this study was to deter mine whether ketanserin, an inhibitor of 5-HT2 re ceptors (Ley sen et ai. , 1982), would affect the wide spread hemodynamic consequences of experimen tally induced thrombotic stroke. Infarct volumes were also determined at 5 days following infarct formation.
MATERIALS AND METHODS

Photochemical induction of thrombotic infarction
The experiments were performed on 32 male Wistar rats (250-300 g) that had been fasted overnight. Rats were anesthetized with 3% halothane and maintained on 2% halothane in a 70:30 mixture of nitrous oxide and oxygen delivered by a closely fitting face mask. The left femoral vein was cannulated for rose bengal infusion and the scalp was retracted to expose that portion of the calvarium to be irradiated. Treated rats received an intravenous injec tion of 1 mg/kg of ketanserin dissolved in saline 30 min before the irradiation period, while nontreated rats re ceived only saline. The head of each rat was then placed beneath a vertically mounted xenon arc lamp that pro duces a spectrally filtered beam centered at 560 nm (near the absorption maximum of rose bengal) with a band width of 60 nm (Watson et aI., 1985) .
An aliquot of 7. 5-mglml saline solution of rose bengal was next injected intravenously over a 1.5-min interval. Rat body temperature was maintained at 37°C with a heat ing pad. Rats were irradiated for 4 min and returned to their cages following the removal of the femoral vein catheter. At 1 h following irradiation, treated rats re ceived a second injection of 1 mg/kg ketanserin i.p. while nontreated rats received saline. To determine the effects of ketanserin on LCBF in normal rats, sham-operated controls underwent a drug treatment regimen similar to that conducted in the infarcted group. Noninfarcted rats underwent all surgical and anesthetic steps including rose bengal infusion but were not irradiated.
Autoradiographic determination of LCBF
Three hours following infarct formation, rats destined for CBF study were reanesthetized with 3% halothane and tracheostomized, immobilized with D-tubocurarine (0.05 mg i.p.), and ventilated mechanically with 1.5% halothane in a 70:30 mixture of nitrous oxide and oxygen for �25 min. Right femoral artery and venous catheters were inserted. Forty-five minutes before the autoradio graphic study, halothane was discontinued. Respiration was regulated to obtain normal values of P02, Pc02, and pH. At 4 h following photochemically induced cortical infarction, an autoradiographic determination of LCBF was carried out (Sakurada et aI., 1978). Twenty microcu ries of the radioactive tracer ['4Cliodoantipyrine (specific activity 40 mCi/mmol; New England Nuclear) dissolved in I ml of isotonic saline was infused intravenously at a constant rate over 45 s via a Harvard infusion pump.
Arterial blood was sampled at �2-s intervals from the tip of a freely flowing femoral artery catheter. Studies were terminated by decapitation with an air-driven guillotine. B . rain � were removed from the skUll and frozen over liq UId nItrogen. They were then warmed in a cryostat at -10°C, and coronal sections (20 fLm in thickness) were prepared. Autoradiograms were made according to meth ods previously described (Dietrich et aI., 1986a) . Quanti tative densitometry was performed by means of an auto mated digitizing densitometer (Optronics) interfaced to a MicroVax minicomputer and image processor (Grinnell Systems) that displayed and quantitated LCBF.
Histologic evaluation and planimetric analysis
Five days after thrombotic infarction, other rats were prepared for histopathological analysis. Rats were anes thetized with halothane and perfused transcardially with a mixture of formaldehyde, glacial acetic acid, and metha nol (FAM; I: 1:8 by vol) delivered at a pressure of 100-120 mm Hg for 20 min and preceded by a I-min saline flush. Th � heads were immersed in F AM at 4°C overnight, and brams were then removed. Coronal brain blocks were e . mbedded in paraffin and dehydrated, and lO-fLm sec tIOns were prepared at 250-fLm intervals. These were stained with hematoxylin and eosin.
Infarct areas were quantified in treated (n = 5) and nontreated (n = 5) rats without knowledge of the rats' experimental status. Computer-assisted planimetry was used to measure the area of infarction on mUltiple coronal sections spanning the anteroposterior extent of the in farction as previously described (Ginsberg et aI., 1987) . Each section was first viewed using a light microscope with a lOx objective, and the image of the infarcted zone projected via a drawing tube onto paper. The perimeter of the infarct was traced onto paper. Each such tracing was subsequently redrawn onto a digitizing tablet (Summa gra p hics) interfaced onto a MicroVax minicomputer, which computed the areas. Total infarct volume was de rived by numerical integration of sequential infarct areas.
Physiological, autoradiographic, and histopathological data were analyzed by one-or two-way analysis of vari ance, and statistical significance was assessed by Scheffe's S test and Dunn's mUltiple-comparison proce dure (Kirk, 1982) .
RESULTS
Normal rats
Physiological values recorded just before the au toradiographic study were within normal ranges and did not vary significantly between treated and non treated rats (Table O . The administration of ketan serin caused no significant change in mean arterial blood pressure. In normal rats, ketanserin signifi cantly increased LCBF throughout the cerebral cor tex ( Table 2 ; Fig. 1 ). Increased LCBF ranged from 136% of control within the frontal cortex to 166% of control in auditory cortex. Although LCBF values were also elevated in subcortical brain regions, sig nificant differences were not demonstrated between treated and nontreated rats. Thus, there was a ten dency for LCBF to increase in the striatum (mean 24%) and thalamus (mean 26%). Readings were taken immediately prior to autoradiographic study and represent means ± SD.
Infarcted rats
Physiological findings recorded just before the autoradiographic study are summarized in Table 1 . There were no significant differences between the treated and nontreated infarcted groups, and values were within normal ranges.
In nontreated infarcted rats, a sharply demar cated area of severe hypoperfusion corresponding to the irradiated cortical region was present at 4 h following infarct formation (Fig. 2b ). The zone of severely reduced LCBF extended down to the level of subcortical white matter. Additionally, marked reductions in LCBF within ipsilateral cortical areas remote from the irradiated zone were demonstrated ( Fig. 2a-c) . Quantitative data showed that LCBF within ipsilateral frontal, lateral, auditory, and vi sual cortices was significantly depressed compared with values from contralateral structures and con trol rats (Table 2 ; Fig. 1 ). In subcortical regions, hemodynamic responses to the cortical infarct were less consistent and severe. Within individual rats, heterogeneous patterns of mild hyperemia and hy-poperfusion were detected in ipsilateral striatum. Mild hypoperfusion within the hippocampus under lying the cortical infarct was detected in three of six rats. Although significant differences in LCBF be tween ipsilateral and contralateral thalami were not documented, LCBF was depressed ipsilaterally in four of six rats (Fig. 2b) .
Similar to that seen in the nontreated experimen tal rats, an area of severe hypoperfusion corre sponding to the irradiated cortical region was seen in treated rats (Fig. 2e ). The relative size of the area of severely reduced CBF appeared to be similar to that in the nontreated group.
In contrast to that seen in the nontreated in farcted rats, asymmetrical patterns of LCBF within remote cortical areas were absent in rats treated with ketanserin prior to infarct formation (Fig. 2d  f) . Quantitative determination of LCBF within re mote brain areas demonstrated no significant differ ences between ipsilateral and contralateral struc tures remote from the infarct ( Table 2 ; Fig. 1 ). Because the infarct extended into the visual cortex Significantly different from nontreated normals: "p < 0.05, bp < 0.01; significantly different from treated normals: cp < 0.05, d p < 0.01; significantly different from nontreated infarcted: ep < 0.05, fp < 0.01; significantly different from contralateral structure: gp < 0.01.
h Infarct extended into the left visual cortex of some rats. in some rats, differences between ipsilateral and contralateral visual cortices were documented (Ta ble 2). In some contralateral structures, ketanserin failed to increase LCBF to the same degree in nor mal and infarcted rats ( Table 2 ; Fig. 1) . Thus, in infarcted rats, LCBF was significantly reduced in frontal and lateral cortices compared with normal rats treated with ketanserin.
Neuropathology
In rats that were studied 5 days following irradi ation, a consistent pattern of cortical infarction was Figs. 3 and 4) . A well-demarcated infarct sur rounded by a rim of macrophages that had begun to infiltrate the necrotic zone was present in all rats (Fig. 3) . The epicenter of the infarct appeared at the coronal level of the rostral hippocampus ( Figs. 3  and 4 ). No significant difference in infarct volume was evident between treated (27 ± 3 mm3, mean ± SD) and nontreated (27 ± 6 mm3) rats. Cortical and subcortical areas remote from the infarcted site ap peared unremarkable by light microscopic analysis. In 8 of 10 rats, the hippocampus underlying the cor- tical infarct was displaced downward compared with the contralateral hippocampus.
DISCUSSION
This study documented the hemodynamic conse quences of the 5-HT 2 inhibitor ketanserin in the nor mal and brain-injured rat. In the normal brain, ket anserin increased LCBF throughout the neocortex.
J Cereb Blood Flow Metab, Vol. 9, No. 6, 1989 This hemodynamic result is consistent with data ob tained in cats using a cranial window technique where the intravenous administration of ketanserin produced vasodilation of pial arteries (Auer et aI., 1985) . Ketanserin displays primarily a high binding affinity at 5-HT 2 receptor sites, is inactive at 5-HT 1 receptor sites, and shows only moderate binding affinity for histamine HI and <XI-adrenergic receptor binding sites (Ley sen et contains 5-HT 2 receptors, and there is evidence that this receptor type is responsible for mediating 5-HT-induced vascular constriction (Cohen et al., 1981 (Cohen et al., ,1983 Leysen et al. , 1982) . Pial and parenchy mal neocortical vessels are innervated by seroto nergic fibers (Reinhard et al., 1979; Edvinsson et al., 1983) , and autoradiographic studies have de tected very high concentrations of 5-HT 2 receptors in the rat neocortex (Pazos et al. , 1985) . These data combined with the present hemodynamic findings support a functional role of 5-HT in the regulation of cortical LCBF in the intact brain.
Ketanserin inhibited the depression of LCBF within remote neocortical regions when given prior to and following cortical infarction. In previous studies, ketanserin has been shown to reverse the vascular constriction of pial arteries induced by the topical application of 5-HT and the supernatant of aggregated platelets (Thompson et al., 1984; Auer et al., 1985) . 5-HT is suggested to play an important role in the pathogenesis of several cerebrovascular conditions including stroke, cerebral arterial spasm subarachnoid hemorrhage, and migraine (Oster holm and Bell, 1969; Welch et al., 1972 Welch et al., , 1973 Welch et al., , 1977 Spatz et al., 1987) . In focal ischemia, 5-HT release may result in progressive brain infarction by constricting blood vessels, increasing vascular permeability, and im pairing collateral circulation in adjacent brain re gions (Bell et al., 1967; Welch et al., 1973; Wester gaard, 1975; Olesen and Crone, 1986) . Elevated lev els of 5-HT have been detected in cerebrospinal fluid samples of stroke patients demonstrating he modynamic abnormalities , and behavioral data demonstrate that interfering with the actions of 5-HT can affect the clinical outcome of focal ischemic injury (Zivin and Venditto, 1984) .
The role of 5-HT in the generation of the remote hemodynamic consequences of thrombotic infarc tion will be discussed in light of published data doc umenting the acute pathomechanisms of this focal brain insult.
The photochemical insult results in acute micro vascular endothelial damage and platelet aggrega tion within the irradiated cortical area (Watson et al., 1985; Dietrich et al., 1987 a) . Since 5-HT is re leased from aggregating platelets, elevated levels of this neurotransmitter might be expected to occur within the thrombotic zone. In a cold injury model of cerebrovascular injury, elevated levels of 5-HT within the lesioned area as well as increased cortical 5-HT metabolism throughout the injured hemi sphere have been reported (Costa et al., 1974; Pap pius and Dadoun, 1987) . Preliminary studies from this laboratory have demonstrated elevated levels of 5-HT and 5-hydroxyindoleacetic acid (the major metabolite of 5-HT) within the cortical infarct 1 h following infarct formation. Although a major por tion of the elevated 5-HT may be released from ag gregating platelets, 5-HT release from damaged nerve endings, mast cells, or other sources is also possible.
Although the neurotransmitter 5-HT is known to be a potent cerebral vasoconstrictor (Raynor et al., 1961; Karlsberg et al., 1963; Lavyne et al., 1975; Thompson et al., 1984; Auer et al., 1985) , its effect on LCBF is negligible in situations in which the BBB is intact (Harper and MacKenzie, 1977 ; Ole sen, 1981; Grome and Harper, 1983) . In rats, per fusion of 5-HT into the external carotid artery pro duces a significant fall in LCBF only in the striatum St ere otactic co-ordin ates (mm) (Grome and Harper, 1983) . In contrast, under con ditions of altered BBB, such as occurs following the administration of urea or a monoamine oxidase in hibitor, 5-HT can produce constriction of major re sistance vessels and cause widespread reductions in LCBF (Harper and MacKenzie, 1977; Eidelman et aI., 1978; Grome and Harper, 1983) . In addition to platelet aggregation, another consequence of pho tochemically induced microvascular injury is acute BBB breakdown within the cortical region destined to undergo infarction. Extravasation of horseradish peroxidase is apparent within the irradiated area as early as 5 min following irradiation (Dietrich et aI., 1987b) . At longer postirradiation periods, protein tracer is widely distributed and is detected in the ipsilateral and subarachnoid space and perivascular spaces of cortical arterioles within neighboring brain regions. These morphological data suggest the capability of blood-borne substances to gain access to extravascular pools at the infarct site and migrate to distal areas via cerebrospinal fluid spaces. The distribution of vasoactive substances through the extracellular space would be regulated or limited by dural membranes and white matter tracts. Although these results are consistent with the hy pothesis that 5-HT released from aggregating plate lets causes vascular constriction in remote brain re gions by stimulating 5-HT 2 receptors, other vasoac tive substances may also be involved (De Clerck and Van Nueten, 1982) . In addition to its effect on 5-HT 2 receptors, ketanserin antagonizes the con tractile response of peripheral blood vessels to norepinephine, possibly through the activation of In isolated blood vessel preparations, low concen trations of 5-HT have been shown to augment the vasoconstrictor effects of norepinephrine (De La Lande et aI., 1966; Carroll et aI., 1974) . Therefore, in the present study, the inhibition of the remote hemodynamic depression by ketanserin may in volve interactions between 5-HT and 5-HT-related compounds. Studies using regional brain microdial ysis for the measurement of extracellular levels of 5-HT and norepinephrine within remote brain re gions and additional pharmacological studies are re quired to directly address this issue.
Our present data demonstrate that ketanserin sig nificantly reduced the remote hemodynamic conse quences of thrombotic infarction without affecting the size of the chronic infarct. If remote hemody namic consequences are responsible for any behav ioral abnormality following stroke, the inhibition of these blood flow alterations might alter stroke out come without altering the morphological lesion. A characteristic of the present infarct model, namely, a sharply demarcated hemodynamic insult with lit tle potential for hemodynamic rescue (Dietrich et aI., 1986a) , may explain the failure of ketanserin to alter chronic infarct volume. The effects of a 5-HT antagonist on infarct size under ischemic conditions where a greater potential for hemodynamic rescue by collateral circulation is present remains to be determined. Related to this issue are recently pub lished data showing the marked therapeutic efficacy of (S)-emopamil, a combined 5-HT2 antagonist and calcium channel blocker, in cortical infarction in-duced by occlusion of the middle cerebral artery (Nakayama et aI., 1988) .
